Summary Androgen receptor-mediated transcription is directly coupled with the induction of DNA damage, and castration-resistant tumor cells exhibit increased activity of poly (ADP-ribose) polymerase (PARP)-1, a DNA repair enzyme. This study assessed the efficacy and safety of low dose oral PARP inhibitor veliparib (ABT-888) and temozolomide (TMZ) in docetaxel-pretreated patients with metastatic castration-resistant prostate cancer (mCRPC) in a singlearm, open-label, pilot study. Patients with mCRPC progressing on at least one docetaxel-based therapy and prostate specific antigen (PSA) ≥2 ng/mL were treated with veliparib 40 mg twice daily on days 1-7 and TMZ once daily (150 mg/m 2 /day cycle 1; if well tolerated then 200 mg/m 2 / day cycle 2 onwards) on days 1-5 q28 days. Patients received 2 (median) treatment cycles (range, 1-9). The primary endpoint was confirmed PSA response rate (decline≥30 %). Twenty-six eligible patients were enrolled, 25 evaluable for PSA response. Median baseline PSA was 170 ng/mL. Two patients had a confirmed PSA response (8.0 %; 95 % CI: 1.0-26.0), 13 stable PSA, and 10 PSA progression. The median progression-free survival was 9 weeks (95 % CI: 7.9-17) and median overall survival 39.6 weeks (95 % CI: 26.6-not estimable). The most frequent treatment-emergent adverse events (AEs) were thrombocytopenia (77 %), anemia (69 %), fatigue (50 %), neutropenia (42 %), nausea (38 %), and constipation (23 %). Grade 3/4 AEs occurring in >10 % of patients were thrombocytopenia (23 %) and anemia (15 %). Veliparib and TMZ combination was well tolerated but with modest activity. Biomarker analysis supported the proof of concept that this combination has some antitumor activity in mCRPC.
Introduction
The anticancer effect of many cancer therapeutics is mediated through DNA damage, leading to cell cycle arrest and apoptosis. Agents that inhibit DNA repair proteins are of significant clinical interest, primarily to potentiate the effects of cytotoxic therapies and other DNA damaging agents as well as monotherapy in tumors with defects in DNA repair. Of the poly (ADP-ribose) polymerase (PARP) family of proteins, PARP-1 and -2 play a role in DNA repair of single-strand DNA breaks via the base-excision repair mechanism [1] [2] [3] . PARP activity appears to be increased in some tumors [4, 5] and therefore represent a potential therapeutic target. Continuous inhibition of PARP-1 results in conversion of single-strand to doublestrand breaks during DNA replication, thus stalling the process of replication [3] . PARP knockout mice are hypersensitive to alkylating agents and ionizing radiation [6] [7] [8] . Furthermore, clinical evidence indicates that PARP inhibitors have antitumor activity as monotherapy in DNA repairdeficient tumors due to mutations in BRCA1 and BRCA2 [9] [10] [11] [12] , and there is evidence of increased antitumor effect when added to cytotoxic chemotherapy [13, 14] . PARP-1 has been implicated at the chromatin level in androgen receptor-mediated cell proliferation in early-and late-stage prostate cancer models [15] , with suppression of PARP-1 resulting in reduced cell proliferation.
Veliparib (ABT-888) is an orally bioavailable, well-tolerated, potent PARP inhibitor with a favorable pharmacokinetic profile [14, [16] [17] [18] . In in vitro and in vivo models, veliparib increased the sensitivity of prostate cancer cells to radiation therapy and chemotherapy, including the oral alkylating agent, temozolomide (TMZ) [19] [20] [21] [22] [23] . Veliparib also reversed resistance to TMZ in a mouse model of prostate cancer and resulted in improved survival [21] . The maximum tolerated oral dose of veliparib and TMZ 150-200 mg/m 2 /day in a phase 1 doseescalation study in patients with solid tumors (NCT00526617) was 40 mg BID. Human pharmacokinetics indicated that an oral dose of 40 mg BID would achieve exposures consistent with the preclinically maximally efficacious dose [24] . Based on these data, it was hypothesized that combination veliparib and TMZ will have antitumor activity in patients with metastatic castration-resistant prostate cancer (mCRPC).
Patients and methods

Study design
This multicenter, open-label, single-arm, pilot study was carried out between April 21, 2010 and July 6, 2011 at 5 sites in the US according to the regulations and guidelines of the International Conference on Harmonization for Good Clinical Practice and the US Food and Drug Administration, the ethical principles of the Declaration of Helsinki, and all applicable local regulations (ClinicalTrials.gov trial registration ID: NCT01085422). The protocol and all study-related information for participants were reviewed by an independent ethics committee or review board at each site.
Patient eligibility
Eligible patients had mCRPC with measurable and/or bony disease that had progressed despite androgen deprivation therapy and at least 1, but no more than 2, prior systemic nonhormonal therapies (at least 1 including docetaxel). Additional inclusion criteria were prostate specific antigen (PSA) progression (defined as a rising trend in PSA that was confirmed by another assessment at a minimum interval of 1 week), a minimum PSA of 2 ng/mL, and testosterone <50 ng/dL. Patients were required to continue androgen deprivation therapy with a luteinizing hormone-releasing hormone analog if they had not undergone orchiectomy. Subjects were also required to have adequate bone marrow, renal and hepatic function, evaluated within 2 weeks prior to treatment initiation: absolute neutrophil count (ANC) ≥1,500/μL, platelets ≥ 100,000/μL, hemoglobin ≥9.0 g/dL; serum creatinine ≤1.5× upper limit of normal (ULN) or creatinine clearance ≥50 mL/ min/1.73 m 2 ; aspartate aminotransferase (AST) and alanine aminotransferase (ALT) ≤2.5×ULN. For subjects with liver metastases, the required values were AST and ALT <5×ULN and bilirubin ≤1.5×ULN. All patients underwent baseline disease evaluation with a chest X-ray or chest computed tomography (CT), a CT scan of the abdomen and pelvis, and a bone scan.
Exclusion criteria included: cord compression or a history of uncontrolled central nervous system metastases or leptomeningeal disease; prior therapy with dacarbazine, or TMZ, or a PARP inhibitor; prior therapy with an investigational agent or any anticancer therapy within 28 days prior to study drug administration (subjects receiving bisphosphonate therapy were eligible); another active malignancy within the past year with the exception of definitely treated carcinomas in situ, superficial bladder cancer, and non-melanoma carcinoma of the skin; clinically significant and uncontrolled major medical condition(s) or any medical condition that in the opinion of the investigator placed the subject at an unacceptably high risk for toxicity.
All participants provided institutional review boardapproved written informed consent prior to initiation of any study-related procedures.
Treatment
Patients were treated with oral veliparib 40 mg twice daily (BID) on days 1 through 7 (all cycles) and oral TMZ once daily (QD) on days 1 through 5 in 28-day cycles. TMZ was given at a dose of 150 mg/m 2 /day in cycle 1. If this dose was well tolerated (platelets ≥100,000/μL; ANC ≥1,500/μL; no grade 3/4 non-hematological toxicities per National Cancer Institute Common Terminology Criteria for Adverse Events [NCI-CTCAE] Version 4.0), the dose could be escalated to 200 mg/m escalated in cycle 2, then the dose was not escalated in later cycles. Treatment could be taken for up to 24 cycles and was continued per protocol until disease progression (based on radiographic assessment and Response Evaluation Criteria in Solid Tumors [RECIST Version 1.0], clinical assessment, or pain), unacceptable toxicity, or subject/physician decision.
Dose reductions
Dose reductions or delays were permitted if required. If grade 3/4 toxicity was experienced that was not attributable to TMZ or the underlying disease, treatment was held until resolution to grade ≤1. For grade 3/4 toxicities attributed to veliparib, veliparib was reduced to 20 mg BID then 10 mg BID. If toxicity persisted at 10 mg BID, treatment was discontinued. If grade 3/4 toxicities attributable to TMZ were experienced, treatment was held until resolution, and the dose was reduced by 50 mg/m 2 /day in the next cycle. Treatment was discontinued if this dose reduction was not sufficient. The next cycle was not started until the ANC was ≥1,500/μL and the platelet count was ≥100,000/μL. Discontinuation of TMZ or veliparib automatically resulted in discontinuation of the other study drug.
Efficacy assessments
The primary endpoint was confirmed PSA response rate (proportion of patients with a complete or partial PSA response). A complete response was defined as undetectable PSA (≤ 0.2 ng/mL) that was confirmed at least 4 weeks later and a partial response as a PSA decline of ≥30 % that was confirmed at least 4 weeks later. The choice for this endpoint was based on data indicating a 3-month PSA decline of at least 30 % was a surrogate for survival [25] .
PSA was assessed at baseline, day 1 of each cycle, final visit, and the 30-day follow-up visit. Stable PSA was defined as PSA not meeting complete or partial response criteria but with no progression. PSA progression was defined as an increase in PSA of ≥25 % from baseline or nadir and an absolute increase of ≥2 ng/mL that was confirmed at least 4 weeks later.
Secondary endpoints included safety and tolerability of veliparib in combination with TMZ, ORR, PSA response rate at 12 weeks following first dose of study drug, TTP, PFS, and OS.
Tumor assessment was performed at baseline, every 8 weeks, and final visit (unless performed within 4 weeks of the final visit), and comprised a diagnostic chest X-ray or chest CT scan, CT scans of the abdomen and pelvis, and bone scans in subjects with known bone metastasis. Radiographic response was assessed according to RECIST [26] . The objective response rate was defined as the proportion of subjects with measurable disease with a complete or partial objective response according to RECIST.
Time to progression (TTP) was defined as the time from first dose to the earliest date of disease progression, regardless of whether this occurred during treatment or following discontinuation. If a subject did not experience disease progression, data were censored at the date of last assessment. Disease progression was based on pain, radiographic, or clinical assessment but not PSA elevation alone without radiographic or clinical evidence.
Survival information was collected approximately every 3 months after the final visit for a period of up to 18 months. Progression-free survival (PFS) was defined as the time from first dose to the earliest date of disease progression, or death within 56 days of last disease progression assessment if progression did not occur. If there was no progression or death within 56 days of last assessment, the data were censored at the date of last assessment. Overall survival (OS) was defined as time from first dose to death (all causes). For surviving subjects, data were censored at the last known alive date.
Safety assessments
Complete history and physical examination was carried out on days 1 and 15 of cycles 1 and 2, then on day 1 of subsequent cycles. Clinical laboratory tests (chemistry and hematology) were carried out at screening, days 1, 15, and 22 during cycles 1 and 2, then day 1 of subsequent cycles.
Adverse events (AEs) were monitored throughout the study and summarized using the Medical Dictionary for Regulatory Activities Version 14.0. Severity was rated according to the NCI-CTCAE Version 4.0. The relationship of AEs to study drug was also assessed by the investigator as 'probably related', 'possibly related', 'probably not related', or 'not related'.
Pharmacodynamic correlates
Several exploratory biomarker analyses were performed to assess treatment effect and identify tumor-specific alterations in cellular proteins and/or circulating tumor cells. Blood samples for the exploratory assessment of biomarkers were collected prior to dosing on days 1 and 15 of cycle 1, on day 1 of every other cycle, and at final visit. Plasma samples were stored at −70°C or lower until analysis for quantitative assessment of tumor markers.
Detection of the most common ETS transcription factor genomic rearrangement in prostate cancer, the ETS-related oncogenic transcription factor ERG and the androgenregulated gene TMPRSS2 gene fusion (ERG: TMPRSS2), was assessed. Analysis was carried out by fluorescence insitu hybridization (FISH), performed using a breakaway probe on circulating tumor cells (CTCs) using the CymoGen Dx ERG/TMPRSS2 translocation probe set (CymoGen Dx, LLC, Irvine, CA), as previously described [27] .
CTCs were measured at baseline and on therapy to provide further information on response to treatment. CTC detection was performed as previously described using the CellSearch® system (Veridex LLC, Raritan, NJ) [28] [29] [30] .
L e v e l s o f t h e g l y c o p r o t e i n t u m o r m a r k e r, carcinoembryonic antigen (CEA), were measured using automated ARCHITECT enzyme-linked immunosorbent assays (ELISAs; Abbott Diagnostics, Abbott Park, IL).
The relationship between specific changes in these biomarkers and PFS was also assessed. For CTCs, the comparison was decrease versus increase/no change in CTC concentration. For CEA, the comparison was low (<5 ng/mL) vs. high (≥5 ng/mL) concentration at baseline, based on the diagnostic threshold for colorectal cancer. The presence or absence of the common ERG: TMPRSS2 translocations was examined for a correlation with response to combination of TMZ and PARP-1 inhibition by veliparib.
Statistical analysis
The primary objective of this study was PSA response rate in patients with mCRPC treated with veliparib and TMZ. Secondary objectives included assessment of safety and tolerability, tumor response rates, survival data, and exploratory analysis of biomarkers, including CTCs.
Based on the assumption that a PSA response rate of 20 % would be of clinical interest and a PSA response rate of 5 % indicates no benefit, a sample size of 25 subjects would provide 76 % power, with a one-sided type I error rate of 0.1.
All efficacy and safety analyses included all patients who received at least one dose of veliparib.
For overall and 12 week PSA response rate, and objective response rate, the proportion of subjects meeting the prespecified criteria was estimated, and the 95 % confidence interval (CI) calculated based on exact binomial distribution. TTP, PFS and OS were estimated by the Kaplan-Meier method; median times and corresponding 95 % CI are presented.
For the exploratory biomarker analysis, survival curves based on subgroups of circulating tumor cells and CEA were compared using the log-rank test at a significance level of P≤ 0.05.
Results
A total of 26 patients were enrolled between April 21, 2010 and July 6, 2011. Baseline demographics are summarized in Table 1 . Of the 25 subjects evaluable for response, 23 had received prior therapy with docetaxel, with 18 considered refractory to docetaxel (docetaxel discontinued due to progression). One of these subjects had also received prior therapy with abiraterone, and one had received therapy with enzalutamide. The non-evaluable subject was also considered refractory to docetaxel.
Treatment summary
The median number of cycles was 2 (range, 1-9). Six subjects took less than 80 % of the assigned dose of veliparib during 1 cycle of treatment. Exposure to treatment is detailed in Table 2 . The reasons for treatment discontinuation were: AE related to PSA, clinical or radiographic disease progression (n=27); AE not related to disease progression (n=4); withdrew consent (n=1); and other reason (n=2). Many subjects had >1 reason for discontinuation.
Dose reductions were required in 5 patients: reduction of both agents due to platelet count decrease (n=1); reduction of TMZ due to thrombocytopenia/platelet count decrease (n=3) or neutropenia (n=1).
Efficacy
The PSA response rate was 8.0 % (95 % CI: 1.0-26.0), based on 2 of 25 patients achieving a confirmed PSA decline of ≥ 30 %. In the remaining 23 patients, 13 patients had stable PSA, and 10 had PSA progression. The best percentage PSA reduction from baseline for each patient is shown in Fig. 1 . Overall, 3 of 25 patients achieved a maximum PSA decline of ≥30 % at any time during the first 12 weeks of treatment. None of the 16 patients with measurable disease for whom data were available achieved an objective response according to RECIST. The median TTP and the median PFS were both 9 weeks (95 % CI: 8-17) (Fig. 2a) . The median OS was 39.6 weeks (95 % CI: 27-could not be estimated) (Fig. 2b) ; 15 deaths were reported in 26 patients (57.7 %). Mean changes from baseline in ECOG performance status scores were minimal.
Safety
Overall, 25 of 26 patients reported at least 1 treatmentemergent AE. The most common are summarized in Table 3 . The majority of AEs were NCI-CTCAE grade 1/2. Grade 3/4 AEs occurring in more than 1 patient were: colitis (7.7 %), fatigue (7.7 %), neutropenia (7.7 %), anemia (15.4 %), and thrombocytopenia (23.1 %). The most common AEs (≥20 % of subjects) that were considered by the investigator at least 'possibly related' to treatment were: nausea (veliparib 34.6 % and TMZ 38.5 %), fatigue (34.6 % and 34.6 %, respectively), and thrombocytopenia (23.1 % and 34.6 %, respectively).
Treatment-emergent serious AEs were reported for 7 subjects (26.9 %): colitis (n=2), hepatorenal syndrome, hyperglycemia, bone pain, mental status change, hematuria, urinary tract obstruction, epistaxis, and deep vein thrombosis (all n=1). Discontinuation due to treatment-emergent AEs occurred in 3 of 26 subjects (11.5 %). One patient had fatal hepatorenal syndrome due to disease progression starting 29 days after the last dose (considered 'probably not related' to study drug).
Exploratory biomarkers
Several exploratory correlative biomarkers were included in this study, including both CTC enumeration and plasma protein markers potentially associated with mCRPC .
At baseline, 15 samples were evaluable for CTC and 14 of 15 patients assessed had detectable CTCs (range: 0-592 CTC/ 7.5 mL blood). A CTC value of ≥5 CTC has been shown to be a poor prognostic indicator in mCRPC [31] . In this study 13/ 15 patients had CTC values >5. However, for patients who provided samples both at baseline and cycle 2 day 1, there was a negative correlation between change from baseline in CTCs and PFS. Patients with a decrease in CTCs (from 86.9 to 9.6 CTC/7.5 mL blood) had a PFS of 116 vs. 51.5 days in those with no change/increase (from 238.0 to 372.7 CTC/7.5 mL blood) (P=0.0266) (Fig. 3a) .
We also examined a set of tumor markers to determine if the baseline levels for any of these markers correlated with patient response. Of interest was the marker CEA which is commonly used to monitor colorectal cancer. Baseline values of CEA≥5 ng/mL (considererd elevated in colorectal cancer) [32] were correlated with a shorter PFS of 51 vs. 116 days in patients with low baseline CEA concentrations (P<0.0001) (Fig. 3b) . Notable, CEA levels did not correlate with the absolute number of CTCs detected at baseline, but 8 of the 16 patients with low baseline CEA also demonstrated a reduction in CTC levels after 1 cycle of therapy. Approximately 50 % of prostate cancer tissue samples harbor the ERG:TMPRSS2 gene fusion [33, 34] , and there is evidence for DNA-independent interaction between ERG: TMPRSS2, PARP-1, and DNA protein kinase [35] Consequently, FISH analysis of CTCs for the ERG:TMPRSS2 gene fusion was performed and was successful in 8 baseline samples; only 1 patient demonstrated clear translocations and 2 patients had no translocation but had large amplifications of the entire region in some CTCs but not in nearby peripheral blood mononuclear cells. The remaining 5 evaluable patients had no translocations or noted amplifications. As only 1 patient tested had the gene fusion, no meaningful correlation with response to treatment could be made; however, this patient achieved stable disease, with a PFS of 70 days and an OS of 277 days.
Discussion
The rationale for combining veliparib and TMZ for the treatment of mCRPC was based on several lines of evidence. First, PARP-1 has been implicated in androgen receptor-dependent cell proliferation in models of both early-and late-stage prostate cancer, with suppression of PARP-1 shown to reduce cell proliferation in these models [15] , suggesting that PARP inhibition has the potential to be an effective therapeutic strategy in prostate cancer. Second, veliparib was shown to enhance the activity of chemotherapy in preclinical models of breast cancer and melanoma [16, 22, 23] and to significantly increase the sensitivity of prostate cancer cells to TMZ in an animal model [21] , including reversing resistance to TMZ in this animal model, which translated to improved survival [21] . Third, approximately 50 % of prostate cancer samples harbor the ERG:TMPRSS2 gene fusion [33, 34] , and there is evidence for DNA-independent interaction between ERG:TMPRSS2, PARP-1, and DNA protein kinase [35] . PARP-1 blockade has been shown to inhibit the growth of ERG:TMPRSS2-positive prostate cancer xenografts in mice [35] , and in another study, inhibition of PARP-1 reduced the number of prostate cancer cells in culture harboring the ERG:TMPRSS2 gene fusion [36] .
This study tested the combination of veliparib and TMZ in chemotherapy-pretreated mCRPC patients. This combination was feasible, well tolerated, and the observed AEs were similar to those expected with TMZ monotherapy. Although there was evidence of some antitumor activity, this effect was modest, with 12 % of patients achieving a PSA decline of ≥ 30 % within 3 months, with a median PFS of 9 weeks and median OS of 39.6 weeks.
The overall limited clinical efficacy observed in this study is likely the result of several factors including the chosen relatively lower dose of veliparib maybe a limiting factor; a higher dose might be required for maximum efficacy in this patient population. The veliparib dose used in this trial (40 mg BID) was based on a phase I study of veliparib and TMZ. At this dose, veliparib had no dose-limiting toxicities and achieved a steady-state exposure (area under the plasma concentration-time curve [AUC] ) that was effective in murine efficacy models, with no indication of a pharmacokinetic interaction between veliparib and TMZ.
There are other potential reasons for the limited efficacy in this study. If DNA damage is insufficient either due to moderate chemosensitivity of the underlying tumor and/or low DNA damage potential of the chemotherapy, the addition of veliparib may not lead to clinically significant efficacy. Similarly, despite the theoretical rationale and observed preclinical data, the lack of clinical efficacy of single-agent TMZ in patients with mCRPC [37] has likely played a significant role in the observed modest antitumor effect of the combination.
Limitations of the study include the small sample size, and the small number of subjects for whom biomarkers are available, all inherent limitations to a pilot study. The limitations of sample size may have been even more pronounced in the specific sub-populations whom data suggest are uniquely sensitive to PARP-inhibitor therapy, such as BRCA-mutated tumors or tumors with ETS gene fusion.
Current evidence supports a negative association between an on-therapy reduction in CTC levels and progression/ survival in prostate cancer [38, 39] . In the present study, the majority of assessable patients had a decrease in CTCs with treatment, which was associated with longer PFS compared with no change or an increase in CTCs. Elevated CEA has been linked with castration resistant prostate cancer and with soft tissue metastatic lesions [40] . Here, longer PFS was observed in patients with low baseline CEA concentrations versus those with high baseline CEA. This is in contrast to a previous study, which found no association between CEA and survival in this disease setting [40] . As only 1 of 8 patients tested had the ERG:TMPRSS2 gene fusion, the hypothesis of better response in this population could not be assessed in this study. This study is one of the first to evaluate the role of combination therapy targeting PARP-1 in patients with mCRPC. Based on the facts that androgen signaling in prostate cancer cells is directly coupled with the induction of DNA damage [41] , CRPC tumor cells exhibit increased PARP-1 activity [15] , veliparib improves the response to hormone therapy in preclinical prostate cancer models [15] , PARP-1 is required for ERG-associated function and ERG:TMPRSS2-positive xenografts are sensitive to PARP inhibition [35] , an ongoing clinical trial is currently assessing abiraterone acetate and prednisone with and without veliparib (administered at 300 mg BID days 1-28, a much higher dose than the present study) in patients with mCRPC. The primary objectives of the trial are to assess the role of ETS gene fusion as a predictive biomarker for response to hormone therapy alone or in combination with PARP-1 targeted therapy using veliparib, and whether the addition of PARP-1 targeted therapy is superior to hormone therapy alone based on ETS gene fusion status (ClinicalTrials.gov trial registration ID: NCT01576172).
Conclusion
This pilot study in chemotherapy-treated patients with mCRPC indicates that the combination of veliparib and TMZ is well tolerated, with evidence of modest antitumor activity. Low baseline concentrations of CEA and ontreatment decreases in CTC were associated with longer PFS. Evaluation of other combination therapies with higher doses of veliparib is warranted in this patient population. 
